Extending the phase of stem elongation (SE) has been proposed as a tool to 18 further improve yield potential in small-grain cereals. The genetic control of pre-19 heading phases may also contribute to a better understanding of phenological traits 20 conferring adaptability. Given that an optimized total time to heading is one of the most 21 important traits in a breeding program, a prerequisite for lengthening SE would be that 22 this and the previous phase (leaf and spikelet initiation, LS) should be under different 23 genetic control. We studied the genetic control of these two pre-anthesis sub-phases 24 (from sowing to the onset of jointing, LS, and from then to heading, SE) in terms of 25
this and the previous phase (leaf and spikelet initiation, LS) should be under different 23 genetic control. We studied the genetic control of these two pre-anthesis sub-phases 24
(from sowing to the onset of jointing, LS, and from then to heading, SE) in terms of 25
Quantitative Trait Loci (QTL) in a barley double-haploid population derived from the 26 cross Henni x Meltan, both two-rowed spring North European barley cultivars. DH lines 27 (118) and their parents were studied in four field trials in Northeast Spain. Genetic 28 control of a number of traits related to leaf appearance and tillering dynamics, which 29 could be important for an early crop canopy structure, were also studied. LS and SE are, 30 at least partially, under a different genetic control in the Henni x Meltan population, 31 mainly due to a QTL on chromosome 2HS. The QTLs responsible for a different control 32
INTRODUCTION 9 10
Crop phenology, which allows matching crop development with availability of 11 resources (water, radiation, etc.), is the most important single factor influencing yield 12 and crop adaptation to particular environments (Richards, 1991) . This is especially and the predicted number of leaves at which they appeared (from the equation of rate of 4 leaf appearance), in order to identify variability in tillering traits independent of that in 5 phyllochron, which is known to have important effects on the tillering capacity (Kirby 6 et al., 1985) . Some traits were estimated directly from observed data: Haun stage at the 7 onset of tillering (Ho), Haun at which maximum number of tillers is produced (Hmax), 8 maximum number of tillers appeared (Tillmax), final number of tillers at harvest 9 (FinalTill) and tiller mortality (Tillmort). The rest of traits were parameters derived 10 from a lineal model (with three pieces and two knots) which is described in detail in 11
Borràs et al. (2009) . Briefly, in the first section of the model number of tillers increased 12 rapidly following a linear trend. The slope (B) was an estimation of the rate of tillering. 13
Then, at the first breakpoint (C) tiller production stopped and number of tillers 14 stabilised or continued with a considerably slower rate (D) for some time. Thus, C 15 might be considered as the timing of tillering cessation; the 'departure point' in Kirby et 16 al. (1985) . Finally, at the second breakpoint (E) tillers started to die rapidly until number 17 of tillers stabilised (data after the end of tiller mortality were removed for fitting the 18 model). F represents the rate of tiller mortality. Table 1 summarizes all traits and  19 abbreviations used to designate them in the text. 20
21

Statistical analyses 22 23
Phenotypic data was analysed in two steps. In a first step Best Linear Unbiased 24
Estimators (BLUEs) were estimated for each DH line both within individual trials and 25 across all trials to remove spatial (local, within trials) and environment (across all 26 environment) effects. In a second step, BLUEs were used for QTL analyses. BLUEs 27 estimated from individual trials were used to study differences in QTL effects between 28 environments (as a preliminary analysis of QTL x E interaction), while BLUEs 29 estimated across all environments available were used to estimate main QTL effects. highest LOD values ('peak markers') were taken as co-factors. When new significant 9 LOD peaks appeared, new peak markers were added to the co-factor set until a stable 10 LOD profile was reached (Jansen, 1993). A LOD significance threshold of 2.9 (rounded 11 upwards in the conservative direction) was chosen after permutation tests for each trait 12 with a significance level of p<0.05, which was in agreement with thresholds estimated within the CCT domain of this gene, was also evaluated after amplification and 10 digestion with BstU I (G/T). Finally, Ppd-H2 was tested scoring the presence of the 11 candidate gene HvFT3 using primers HvFT3.1F (5'-atccattggttgtgtggctca-3') and 12
HvFT3.2R (5'-atctgtcaccaacctgcaca-3'), that generated a 431 bp fragment. The subset 13
of DH lines was also tested for polymorphisms in several microsatellite markers 14 (WMC1E8, HvM36, Bmac132, EBmac640, GBM1523, scssr03381, GBM5230, 15 GBM1309, EBmac415, and GBM5060). Table 2 ). The QTL with the largest effect on HD (7HS) was also the most 25 significant for LS and SE, with a similar part of variability explained and additive effect 26 on both phases (in all cases the positive additive effect coming from the Henni allele) 27 and thus, it had no effect on the ratio SE/LS. The effect of this QTL on heading seem 28 the sum of the effects of the two component phases, as LOD values, variability 29 explained and additive effects for HD were about twice the values for LS and SE. While 30 for HD the QTL on 7HS explains much more variability than the other significant QTL, 31
for LS and SE the relative weight of all the significant QTLs was more similar (Table  32 2). The second most important QTL for HD was found on the distal part of 1HL, but the 33 positive allele effect came from Meltan ( Figure 1 and Table 2 ). Although it was moresignificant for LS than for SE, this QTL on 1HL it had no significant effect on the ratio 1
SE/LS. 2 3
On the contrary the QTL on the short arm of 2H was highly significant and the 4 most important for the SE/LS ratio while it had a small effect on total time to heading 5 ( Figure 1 ). Actually the position of this QTL for HD is unclear as shown by the large 6 confidence interval (Figure 2) . This was probably due to the opposite allele effects that 7 this QTL had on LS and SE. The positive effect for LS came from Henni while for SE 8 from Meltan. It was more significant and consistently found for SE than for LS, so the 9 resulting positive allele effect for HD came also from Meltan. 10
11
Other two QTLs, one on 2HL and another on the distal part of 3HS were 12 significant for LS but not for SE main effects. Both QTLs were about the significance 13 threshold for the ratio SE/LS (Figure 1 ). A QTL on 3HS was also found to be 14 significant for SE in one environment (data not shown) and a LOD peak is also detected 15 for main effects ( all three closely linked to Eam6. EBmac640 (also linked to Eam6) was polymorphic, 20 but a number of recombinants were found between this marker and the most significant 21 markers for durations of phases on 2HS and 2HL among the DHLs genotyped. There 22 was also polymorphism for the microsatellite WMC1E8, very close to Eam8 (and no 23 recombinants in the subset of DH-lines were found between WMC1E8 and the most 24 significant marker for HD in 1HL). 25
26
There was a deletion in the first intron of HvBM5A (Vrn-H1) in both parents, and 27 a polymorphism was found between them, although several recombinants were found in 28 the subset of DH-lines between HvBM5A and the most significant marker for HD on 29 5HL. As expected, given that both parents are spring types, both carried the recessive 30 allele of Vrn-H2, insensitive to vernalization. Finally the highest QTL for LS, SE and 31 HD on 7HS lied in the vicinity of HvFT1 and eps7S. Both parents carried the same 32 diagnostic SNPs in the first intron of HvFT1, but they can be distinguished by a 33 microsatellite in the second intron of this gene.
Phyllochron and number of leaves (FLN) were controlled by different QTL and 3 the most important coincided with QTL for duration of phenological phases. The most 4 significant QTL for phyllochron was also that for phenological phases on 7HS and the 5 second significant QTL was found in the same position than the QTL for phases distal 6 on 1HL. The direction of allele effects were the same than for the duration of phases. 7
On the other hand for FLN the most important QTL coincided with the QTL for LS on 8 2HL, with less effect from the other two significant QTL on 3HS and on 4HL. The QTL 9 on 2HS was also significant for LN LS and LN SE but with an opposite allelic effect as 10 their respective phases. For early vigour the only significant QTL was also detected on 11 2HL, but its confidence interval did not overlap with the QTL for LS, FLN and LN LS 12 (Figures 1 and 2, and Table 2 ). 13
14
The most significant QTL for tillering parameters coincided with QTL for 15 number of leaves (QTL on 2HS, 2HL and 4HL), although with differences between 16 traits ( Figure 2 and Table 2 ). The QTL on 7HS, significant for phases and phyllochron, 17 had no effect on any trait related to tillering. The QTL on 2HS significant for LS, SE, 18 HD, LN LS and LN SE was also significant for Tillmax, Tillmort, B, F and FinalTill. The 19 sign of the additive effect for all these traits related to tillering was the same than for LS 20 and LN LS (positive effect from Henni) except for F, which is expressed in negative 21
values. The QTL on 2HL, significant for LS, FLN and LN LS , was also detected for Ho 22 and interestingly with the same allele effect (for all these traits the positive effect came 23 from Meltan). The QTL on 4HL, which was only significant for FLN, was the most 24 significant QTL for FinalTill, and the second most significant QTL for Ho (but with 25 opposite allele effects between both traits). The QTL on 1HL for phases was also 26 significant for B. Finally a slightly significant QTL on 5HL was detected for Ho and B, 27 which was also significant for Tillmax, FinalTill and early vigour, although for these 28 last three traits it was significant in only one environment (data not shown). The most significant markers on 1HL were situated in bins [13] [14] values and small additive effects of QTL significant for B. Another QTL on 4HL, which 32 had no effect on length of phases, was also quite significant for Ho and it was the most 33 important for FinalTill. Therefore it seems that manipulating LS and SE could have alsoSome significant QTLxE interactions were found for tillering traits as it might be 3 expected as tillering is affected by availability of resources (e.g. in response to water 4 stress; Cone et al., 1995) and the two sites differed in water availability. Nevertheless, 5
all QTLxE interactions were non-crossover or quantitative. Table 1H  2H  3H  4H  5H  6H 
